Purpose: The aim of this study was to investigate in which part of the lens in vivo exposure to subthreshold dose of UVR-B radiation induces apoptosis. Methods: Twenty 6-week-old female albino Sprague-Dawley rats were exposed to subthreshold dose (1 kJ/m 2 ) of UVR-B unilaterally and killed at 120 hr after exposure. Lenses were enucleated and dissected on three regions: the lens epithelium, the cortex and the nucleus. The lens nucleus then was removed. Apoptosis markers p53 and caspase 3 were used to study apoptosis in the lens regions. qRT-PCR and Western blot were utilized to analyse the lenses. Results: TP53 and CASP3 mRNA expressions are increased in exposed lenses, both in the lens epithelium and in the cortex regions, in relation to non-exposed lenses. Expression of p53 protein is increased in exposed lens epithelium in relation to non-exposed lens epithelium. Caspase 3 protein is expressed in exposed lens epithelial cells, while it is not expressed in non-exposed lens epithelial cells. p53 and caspase 3 proteins are not expressed in either exposed nor non-exposed lens fibre cells. Conclusion: Exposure to UVR-B increases mRNA transcription of apoptosis marker p53 in vivo in both regions of the lens and of apoptosis marker caspase 3 in the lens cortex. Exposure to UVR-B increases p53 and caspase 3 proteins expression just in the lens epithelium. In vivo exposure to subthreshold dose of UVR-B induces apoptosis in the lens epithelial cells and does not in the lens fibre cells.
Introduction
The aim of the study was to investigate in which part of the lens in vivo exposure to subthreshold dose of UVR-B induces apoptosis.
Ultraviolet radiation is an invisible electromagnetic radiation that ranges within spectrum from 100 nm to 400 nm and borders in its longest wavelength with visible radiation (400 -760 nm). It is subdivided into three regions: UVR-A (315-400 nm), UVR-B (280-315 nm) and UVR-C (100-280 nm). The major source of ultraviolet radiation is the sun (Pitts 1990) . Solar UVR-A is not absorbed by the atmosphere and thus reaches the Earth's surface, and UVR-A contributes to premature ageing of the skin and skin cancer; 90% of UVR-B is attenuated by the atmospheric gases, 10 % reaches the Earth's surface and contributes to skin cancer, sunburn and cataract, and UVR-C is very mutagenic but it is fully absorbed by the atmosphere and does not reach the Earth. Several epidemiological studies (Taylor et al. 1988; Cruickshanks et al. 1992) provide the evidence for the association between the lifelong exposure to solar UVR-B and development of human cortical cataract. Cataract is the leading cause of blindness in the world (Resnikoff et al. 2004) , and cataract is defined as a clouding of the lens in the eye that affects vision. There are 20 million people who have become bilaterally blind from cataract in the world, which represents 51 % of cases of all causes that lead to blindness due to eye disease cataract (Pascolini & Mariotti 2012) . No conservative methods are available to prevent the development of cataract. The only available method for the treatment of cataract is cataract surgery. However, cataract surgery results in a burden to the healthcare system due to the large number of people who require it. In 2004, the World Health Organization calculated that the number of cases of cataract would double by the year 2020. In turn, it was estimated that a delay in cataract onset of 10 years would reduce the need for cataract surgery by 50 % (Congdon 2001) .
Ultraviolet radiation causes toxicity in biological tissue. Acute toxicity can be quantified by plotting the dose-response function. In continuous doseresponse function, a significant response can be estimated by a threshold. There are several strategies developed to estimate the threshold dose. One strategy for threshold dose estimation has been developed by S€ oderberg et al. 2002 and is called maximum tolerable dose (MTD) for forward lens light scattering between exposed and contralateral nonexposed lenses, that is lens opacification estimation, which was the response variable, and the dose was the explanatory variable. Doses above the MTD induced significant effects, and doses below the MTD are called subthreshold doses.
Anatomically, lens consists of lens epithelial cells and lens fibre cells covered by the lens capsule. Lens fibre cells represent most of the volume of the lens and comprise the cortex and the nucleus of the lens. UVR-B damages the cells, and if the damage cannot be repaired, it may turn the cell into apoptosis, or programmed cell death. Experimental studies show that UVR-B causes apoptosis in the lens epithelial cells (Li et al. 1995; Michael et al. 1998a,b,c; Galichanin et al. 2010) , and lens fibre cells are damaged by osmodisregulation (S€ oderberg et al. 1989) , microscopically seen as the swelling of the lens fibre cells (Galichanin et al. 2010) .
Apoptosis involves many proteins in its biochemical cascade. Two of them are mostly important; p53 is a protein encoded by the TP53 gene, and caspase 3 is a protein encoded by the CASP3 gene. Both p53 and caspase 3 are involved in apoptosis as initiator and executor, respectively (Elmore 2007) . Stress signals such as UVR-B activate p53. Active p53 binds to DNA and initiates transcription of genes involved in cell cycle arrest, DNA repair, genomic stability and apoptosis (Vousden & Lane 2007) . After that, the cascade of proteases starts, which involves caspase 3. Caspase 3 activates the endonuclease CAD, and activated CAD cleaves DNA, as its indispensible role in DNA fragmentation as an important hallmark in apoptosis caspase 3 is used as reliable marker of apoptosis that has a better sensitivity than TUNEL staining (Duan et al. 2003) . Current research shows that transcription of apoptotic TP53 and CASP3 genes increases in the rat lens after in vivo exposure to double threshold (Galichanin et al. 2012a,b) and subthreshold (Galichanin et al. 2014a,b) doses of UVR-B. It is not however known in which part of the lens the transcription and translation of the apoptotic TP53 and CASP3 genes occur following in vivo exposure to UVR-B.
So, the purpose of the study is to investigate which part of the lens exposure to subthreshold dose of UVR-B induces transcription and translation of the apoptotic TP53 and CASP3 genes, thus apoptosis.
Materials and Methods

Animals
The six-week-old albino Sprague-Dawley (SD) female rat was the experimental animal (Taconic, Denmark). All animals were treated in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research. Ethical approval was obtained from the Uppsala Ethics Committee on Animal Experiments, protocol number C29/10.
Exposure to ultraviolet radiation
UVR source
UVR-B at 300 nm (UVR-300 nm) was generated with a high-pressure mercury arc lamp (model 6828; Oriel, Stratford, CT, USA). The radiation was collimated, passed through a water filter and focused on the entrance slit of a double monochromator. The emerging radiation had a spectral distribution centred at 300 nm with dual peaks at 297.5 nm and 302.6 nm with 10.2 nm full width at half maximum (Galichanin et al. 2010) .
The intensity of UVR was measured with a thermopile (model 7101; Oriel, Stratford, CT, USA) calibrated to a US National Institute of Standard traceable source.
UVR exposure
Fifteen minutes before the exposure, the animal was anaesthetized with a mixture of 90 mg/kg ketamine and 10 mg/ kg xylazine injected intraperitoneally. Thereafter, the animal was placed in a rat restrainer (Galichanin et al. 2011) , and tropicamide 10 mg/ml was instilled in both eyes to induce mydriasis. Each animal was unilaterally exposed to a subthreshold dose of 1 kJ/m 2 of UVR-300 nm during 15 min (Ayala et al. 2000) , while the contralateral eye was shielded during the exposure (Galichanin et al. 2012a,b) .
After 120 hr, the rat was killed by carbon dioxide asphyxiation, followed by cervical dislocation. The eyes were enucleated, and the lenses were extracted. Remnants of the ciliary body were removed from the lens equator under a microscope, keeping the lens in balanced salt solution (BSS; Alcon, Fort Worth, TX, USA). Lenses were then dissected on three regions: the lens epithelium, the cortex and the nucleus. The lens nucleus then was removed and not included in the analysis.
RNA preparation and cDNA synthesis
From each lens region, RNA was isolated using NucleoSpin RNA II (Macherey-Nagel GmbH & Co, Duren, Germany).
Sufficient removal of DNA from the analyte was checked with PCR using p53 DNA specific primers, forward 5 0 -AC CCTCTGACCTTTTTCCCA-3 0 and reverse 5 0 -TGCTGGGATCTTAGGC ACTC-3 0 (biomers.net GmbH, Ulm, Germany), and Taq DNA polymerase (dNTPack). The expected PCR product was 243 base pairs. None of DNA specific products was found in the analytes on 1.5 % agarose gel electrophoresis.
One microgram of total RNA measured based on absorbance in a NanoDrop ND-1000 (NanoDrop Products, Wilmington, DE, USA) was reversetranscribed to cDNA (1st strand cDNA synthesis kit, Roche Diagnostics GmbH, Mannheim, Germany).
Real-time PCR analysis
The real-time PCR analysis was utilized using TaqMan assays for p53 (Rn0075 5717_m1), caspase 3 (Rn00563902_m1) and 18s (Hs99999901_s1), according to the manufactures' instructions. And, expression levels of the target genes were calculated according to the Pfaffl's mathematical model (Pfaffl 2001; Galichanin et al. 2014a,b) .
Western blot
The lens regions' samples were separated on a SDS-PAGE (4-12 % gradient gel) (Bio-Rad) 
Experimental design
Altogether 20 rats were used in the experiment. One eye in each animal was exposed in vivo to UVR-300 nm. All animals were killed at 120 hr after exposure to UVR-B. Samples from 15 rats were processed for quantitative RT-PCR of TP53 and CASP3 mRNAs. Additionally, the 18s rRNA was used as a reference for each lens sample. Finally, the fold change in expression of the target genes was calculated. Samples from five rats were processed for Western blot of p53 and caspase 3 proteins. b-actin was used as a reference for each lens sample.
Statistical parameters
The significance level and the confidence coefficient were set to 0.05 and 0.95, respectively, considering sample size.
Results
One exposed lens was damaged during the preparations for qRT-PCR and excluded from the statistical analysis with its contralateral non-exposed pair.
mRNA expression of the TP53 gene mRNA expression of the apoptosis initiator TP53 gene increased in both regions of the exposed lenses in relation to non-exposed lenses (lens epithelium region: test statistics = 3,57, t 13;0,95 = 2,16, cortex region: test statistics = 2,17, t 13;0,95 = 2,16; Fig. 1 ).
mRNA expression of the CASP3 gene mRNA expression of the apoptosis executor CASP3 gene increased in the lens cortex of the exposed lenses in relation to non-exposed lenses (test statistics = 3,7, t 13;0,95 = 2,16). mRNA expression of the CASP3 gene did not differ in the lens epithelium of the exposed lenses in relation to nonexposed lenses (test statistics = 1,57, t 13;0,95 = 2,16; Fig. 2 ).
Protein expression of the p53 and caspase 3
Protein p53 expressed in the lens epithelium of both exposed and nonexposed lenses and did not differ in exposed lens epithelium in relation to non-exposed lens epithelium (test statistics = 2,46, t 4;0,95 = 2,78; Fig. 3 ). Protein p53 did not express in either exposed or non-exposed lens cortex.
Protein caspase 3 expressed in exposed lens epithelium and did not express in non-exposed lens epithelium (Figure 3 ). Protein caspase 3 did not express in either exposed or nonexposed lens cortex.
Discussion
The study was designed to investigate which part of the lens exposure to subthreshold dose of 1 kJ/m 2 UVR-B induces transcription and translation of the apoptotic TP53 and CASP3 genes.
The dose 1 kJ/m 2 of UVR at 300 nm was selected to be a subthreshold dose (S€ oderberg et al. 2002 ) that does not induce significant forward lens light scattering, lens opacification estimate (Michael et al. 1998a,b,c) but causes expression of apoptotic markers p53 and caspase 3 on mRNA (Galichanin et al. 2014a,b) and protein (Talebizadeh et al. 2014 ) levels. Previous research was focused on higher doses, double threshold dose of 8 kJ/m 2 (Galichanin et al. 2010 (Galichanin et al. , 2012a and ten times higher than threshold dose of 36 kJ/m 2 (S€ oderberg 1988), whereas recent findings that subthreshold low doses of UVR-B accumulate to cause a cataract (Galichanin et al. 2014a,b) and subthreshold dose of 1 kJ/m 2 Fig. 1 . mRNA expression of the TP53 gene in two regions of the crystalline lens after in vivo exposure to 1 kJ/m 2 UVR at 300 nm. Error bars are 95 % confidence intervals for mean fold change in TP53 mRNA expression between exposed lens and contralateral non-exposed lens (df = 13). The means above and below the black line at 1 rel. unit represent, respectively, up-and downregulation of the TP53 gene. Fig. 2 . mRNA expression of the CASP3 gene in two regions of the crystalline lens after in vivo exposure to 1 kJ/m 2 UVR at 300 nm. Error bars are 95 % confidence intervals for mean fold change in CASP3 mRNA expression between exposed lens and contralateral non-exposed lens (df = 13). The means above and below the black line at 1 rel. unit represent, respectively, up-and downregulation of the CASP3 gene.
induces mRNA and protein expression of apoptotic markers p53 and caspase 3 in the rat lens in vivo (Galichanin et al. 2014a,b; Talebizadeh et al. 2014) , formed the basis and encouraged for further research on lower subthreshold doses of UVR-B.
The time interval of 120 hr after the exposure was chosen based on previous investigations (Galichanin et al. 2012a (Galichanin et al. ,b, 2014a that found the maximum increase in mRNA expression of apoptotic markers p53 and caspase 3 at 120 hr.
Increase in the TP53 mRNA expression in both regions of the lens shows that transcription machinery of the nuclei of both lens epithelium cells and lens fibre cells responds to the UVR-B stimuli. It is consistent with the previous results on mRNA expression of apoptotic markers in whole lenses after the subthreshold exposure to UVR-B (Galichanin et al. 2014a,b) . Interestingly, although response of the mRNA expression to UVR-B was observed in both regions of the lens, response of the protein expression was just seen in lens epithelium in contrast to the lens cortex where p53 protein and caspase 3 expression was not found. This finding indicates that protein expression does not necessarily follow mRNA expression and there could be factors involved in regulation of the protein synthesis. One factor may be loss of organelles in mature fibre cells specifically loss of ribosomes in mature fibre cells that are responsible for protein synthesis. However, experimental design of this study includes cortical region of the lens that comprises elongating and maturing lens fibre cells in addition to mature fibre cells, which have the potential to produce proteins. Another factor may be the inhibition of the protein synthesis after transcription, which is known as the mechanism of action for many antibiotics (Slover et al. 2007 ). Further investigations are needed to study the mechanisms that regulate protein synthesis in the lens fibre cells.
The finding that apoptotic proteins p53 and caspase 3 are expressed in the lens epithelium and are not expressed in the lens cortex after in vivo exposure to UVR-B indicates that UVR-B causes apoptosis in the lens epithelial cells and does not cause apoptosis in the lens fibre cells. It is in concordance with the results obtained by the TUNEL staining (Michael et al. 1998a,b,c) and transmission electron microscopy techniques (Galichanin et al. 2010) . Michael et al. 1998a,b ,c found for the same age and species of animals but at five times higher UVR-B dose as in the current study that TUNEL labelled lens cells were found in the lens epithelium at 24 hr after exposure to UVR-B but no TUNEL labelled lens cells were observed in the nuclear bow in the earlier time delays at 1 hr, 6 hr, 24 hr and in the later time delay at 1 week following the exposure to UVR-B. This emphasizes that it seems to be a peak of apoptosis at 24 hr after exposure to UVR-B that occurs just in the lens epithelium and there is no apoptosis in the nuclear bow region after the exposure to UVR-B in vivo. The current study investigated apoptosis at 120 hr, and likewise, TUNEL labelling expression of apoptotic proteins p53 and caspase 3 was not observed in the cortex after in vivo exposure to UVR-B. One can argue that it might take longer time for apoptosis to occur in the lens cortex although there is an evidence that apoptosis does not occur up to late time delay of 1 week after exposure to five times higher dose of UVR-B. Further investigations are required to confirm or reject this evidence at late time intervals.
Another possible explanation for the finding that UVR-B induces expression of the apoptotic proteins p53 and caspase 3 in the lens epithelium and not in the cortex may lie in the anatomy of the lens and UVR-B penetration rate in the lens tissue. A study by L€ ofgren et al. found that the penetration depth of UVR-B at 300 nm on the visual axis of the 6-week-old Sprague-Dawley rat lens is 0,45 mm (L€ ofgren & S€ oderberg 2001). The diameter of the lens of the 6-week-old SpragueDawley rat is 5 mm, the anterior-posterior distance is 3 mm, the diameter of the nucleus is 2 mm, and the anterior-posterior distance is 1 mm. Therefore, UVR-B at 300 nm reaches just lens epithelium and apical parts of the cortical fibre cells that makes UVR-B rays unreachable for the central portions of the lens fibre cells that contain nucleus, and thus impossible for lens fibre cells' nuclear DNA to be damaged by UVR-B photons and initiate apoptosis. However, while translation of the apoptotic markers p53 and caspase 3 is impaired in the lens fibre cells, the transcription of the TP53 and CASP3 mRNAs is viable, which serves the evidence of lens fibre cells' transcriptional response to the damage by the UVR-B. It seems that lens epithelium has the fully functional biological system of apoptosis to respond to UVR-B, whereas lens cortex does not react with the same fully functional apoptotic mechanism. An electron microscopy study by Galichanin et al. 2010 showed that cortical fibre cells become swollen and their fine structure become deteriorated after in vivo exposure to UVR-B at 300 nm and probable mechanism behind the impaired structural order of the lens fibre cells is the osmotic disbalance of sodium and potassium (S€ oderberg 1991). Moreover, osmodisregulation in the lens epithelium propagates further to the outer cortex and then to the deeper cortex (Meyer et al. 2014 ) via ion (Duncan 1969 ) and macromolecular (Shestopalov & Bassnett 2000) pathways as an indirect damage from UVR-B. Another explanation of the absence of apoptotic response of the lens fibre cells to UVR-B on protein level can be overexpression of anti-apoptotic molecules that control the mitochondrial membrane potential, such as Bcl2 family including Bcl2, Bcl-X L , Mcl-1, A1, and block the active caspases 3, 7 and 9, such Fig. 3 . Expression of p53 and caspase 3 proteins in two regions of the crystalline lens after in vivo exposure to 1 kJ/m 2 UVR at 300 nm. '+' represents lenses exposed to UVR-B at 300 nm, and '-' represents non-exposed lenses.
as inhibitor of apoptosis protein (IAPs) family including cIAP1, cIAP2, X-linked IAP, Survivin, Bruce and Livin (Bratton & Cohen 2003) . Livin has been recently studied in the lens and shown to be upregulated in the deep lens fibre cells and to play a possible role in organelle degradation in mature lens fibre cells (De Maria & Bassnett 2015) . Authors hypothesized that Livin might function as an apoptosis inhibitor in response to the stress. Drugs developed from proteins of both families have been shown to sensitize tumour cells to chemotherapy (Wilson et al. 2009 ). Further investigations are required to study the mechanisms that are involved in the response of the lens fibre cells to UVR-B and the mechanisms that block apoptosis in the lens fibre cells under UVR-B stress conditions.
In conclusion, a subthreshold dose of 1 kJ/m 2 UVR-B causes apoptosis in the lens epithelium in vivo and does not do that in the lens cortex. mRNA expression is not followed by the protein expression of the apoptotic markers p53 and caspase 3 in the lens fibre cells in response to UVR-B at 300 nm.
